The epilepsies are episodic neurological disorders characterized by the occurrence of recurrent seizures. In a significant proportion of patients, epilepsy follows an acute brain insult such as traumatic brain injury, stroke, or a period of prolonged and intense seizures (status epilepticus; SE). When an acute brain insult is the etiological factor, the symptoms of epilepsy often appear after a seizure-free latent period following the acute injury (Annegers et al., 1980; Salazar et al., 1985; Angeleri et al., 1999; Statler, 2006) . During this seizure-free period, which can vary from months to years (French et al., 1993; Mathern et al., 1995; Treib et al., 1996) , neuronal networks in certain brain regions undergo structural and functional changes that lead to hyperexcitability and eventually to the expression of spontaneous seizures; this process is referred to as epileptogenesis.
The latent period of epileptogenesis offers the opportunity for therapeutic intervention that may prevent the development of epilepsy, or reduce the severity of the developing disease. However, the development of effective pharmacological treatments that will inhibit epileptogenesis requires knowledge of the alterations that occur in neuronal networks during epileptogenesis, which will eventually be responsible for the expression of epilepsy. Two brain structures that undergo such alterations and are well known to play a central role in the development and expression of epilepsy are the hippocampus and the amygdala. The hippocampus and/or the amygdala are the brain regions that harbor the epileptic focus and drive the ex-pression of the most common type of epilepsy, the temporal lobe epilepsy (TLE) (Quesney, 1986; Goldring et al., 1992; Gotman and Levtova, 1996; Bragin et al., 2005 Bragin et al., , 2007 . TLE commonly develops after an initial precipitating brain injury, such as febrile seizures or head trauma (French et al., 1993) . In an effort to understand the epileptogenic process that leads to TLE, a number of studies have focused on alterations occurring in the hippocampus after an acute brain insult in animal models. One of the hallmarks of such alterations is loss of GABAergic interneurons (Sloviter, 1987; Lowenstein et al., 1992; Best et al., 1993; Obenhaus et al., 1993; Houser and Esclapez, 1996; Morin et al., 1998; Sun et al., 2007) . Most often this is accompanied by reduced inhibitory activity (Rice et al., 1996; Hirsch et al., 1999; Cossart et al., 2001; Kobayashi and Buckmaster, 2003; Shao and Dudek, 2005; Sun et al., 2007) , but unaltered or enhanced inhibition has also been observed in some areas of the epileptic hippocampus (Gibbs et al., 1997; Nusser et al., 1998; Cossart et al., 2001; Shao and Dudek, 2005) , as mechanisms come into play that attempt to compensate for the loss of interneurons.
Although the amygdala also plays a central role in epilepsy, and it actually appears to have a higher propensity for generation of seizures compared to the hippocampus (Goddard, 1967; Goddard et al., 1969; Kairiss et al., 1984; Racine et al., 1988) there is limited knowledge of the alterations occurring in the amygdala during the course of epileptogenesis (for a review see Aroniadou-Anderjaska et al., 2008) . Neuronal damage and, particularly, loss of GABAergic neurons have been demonstrated in the amygdala after prolonged SE (Tunnanen et al., 1996) . Whether or not there are other alterations compensating for the loss of interneurons, and what the net impact is on the excitability of the amygdala during the process of epileptogenesis is not clear. In addition, it is important to note that the changes occurring in certain brain circuits after an initial insult that triggers epileptogenesis do not seem to follow a linear progression towards reduced inhibition and enhanced excitation (see Straessle et al., 2003; Sloviter et al., 2006; El-Hassar et al., 2007; Rocha et al., 2007) . For example, in the CA1 hippocampal area, inhibitory activity has been found to be enhanced or reduced at different stages of epileptogenesis (El-Hassar et al., 2007) . Therefore, the alterations that are found at a particular time point/period of epileptogenesis are not necessarily the same-changing only quantitatively-throughout epileptogenesis.
In the present study, we investigated pathological and pathophysiological alterations of the GABAergic system in the amygdala of young adult rats, at 7 to 10 days after SE induced by kainic acid (KA). We focused on the basolateral nucleus of the amygdala (BLA), which, from all the amygdala nuclei, plays the most important role in the initiation and spread of seizures (White and Price, 1993a,b; Mohapel et al., 1996) . We determined the extent of neuronal and interneuronal loss, as well as alterations in the levels of glutamate decarboxylase (GAD), the enzyme that catalyzes GABA synthesis, and the ␣1 subunit of the GABA A receptor (GABA A ␣1), which is important for the sedative and anticonvulsant actions of benzodiazepines (Rudolph et al., 1999; Crestani et al., 2000; Da Settimo et al., 2007) . In addition, we examined alterations in the level and function of the kainate receptors that contain the GluK1 subunit (GluK1Rs; the GluK1 subunit was until recently referred to as GluR5 kainate receptor subunit), and the overall, net impact of these alterations on tonic inhibitory activity in the BLA circuitry. We were interested in alterations of GluK1R expression and function because these receptors are highly expressed in the amygdala (Bettler et al., 1990; Li et al., 2001; Braga et al., 2003) , and are present on both principal cells and GABAergic interneurons in the BLA, modulating inhibitory synaptic transmission and neuronal excitability (Braga et al., 2003 (Braga et al., , 2004 Aroniadou-Anderjaska et al., 2007) . In addition, there is evidence that GluK1Rs are significantly involved in epilepsy (Smolders et al., 2002; Rogawski et al., 2003; Kaminski et al., 2004) , and there are alterations in both the function of GluK1Rs (Palma et al., 2002) and the expression of the GluK1 subunit in TLE patients (Mathern et al., 1998; Kortenbruck et al., 2001 ) and epileptic rats (Ullal et al., 2005) . We found that (1) there is a significant loss of BLA interneurons, which are more vulnerable than principal cells to SE-induced damage, (2) GluK1R receptor level and function are reduced, and (3) the result of these alterations is a dramatic reduction in tonic inhibition, despite that GAD and GABA A ␣1 levels are increased.
EXPERIMENTAL PROCEDURES Animals
Experiments were performed on male Sprague-Dawley rats (Taconic Farms, Rockville, MD, USA), 5-6 weeks old, weighing 170 -200 g at the start of the experiments. Animals were individually housed in an animal facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care, in an environmentally controlled room (20 -23°C, 12-h light/dark cycle, lights on 7:00 AM), with food and water available ad libitum. All animal use procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Animal Care and Use Committees of the National Institute of Neurological Disorders and Stroke and Uniformed Services University of the Health Sciences. All efforts were made to minimize the number of animals used and their suffering.
Surgery
Following 5 days of acclimatization, the rats were stereotaxically implanted with five cortical stainless steel screw electrodes under general anesthesia [ketamine 60 mg/kg i.p. and medetomidine 0.5 mg/kg i.p.], using the following coordinates, in mm, after Paxinos and Watson (1998) : two frontal electrodes APϭϩ1.5, MLϭϮ2.5 from bregma; two parietal electrodes APϭϪ5.0, MLϭϮ4 from bregma; and a single cerebellar reference electrode midline, APϭϪ1.0 from lambda. Each screw electrode with socket (E363/ 20; Plastics One Inc., Roanoke, VA, USA) was placed in a plastic pedestal (MS363; Plastics One Inc.) and attached to the skull with dental acrylic cement. Anesthesia was reversed by i.p. injection of 1 mg/kg atipamezol.
Induction of SE
After 1 week of recovery, 25 rats were injected (i.p.) with KA to induce SE ("KA-SE rats"). Fifteen implanted rats were injected with corresponding amounts of saline at corresponding times as the KA-treated rats; this group of rats served as controls ("sham control rats"). SE was induced following a modified titration protocol after Hellier et al. (1998) . In order to maximize consistency of the SE expression between rats, EEG seizure activity, rather than the behavioral seizure correlate, was used to determine the necessity of additional KA injections. Rats were initially treated with 7.5 mg/kg KA dissolved in 0.1 M phosphate-buffered normal saline (PBS; 5 mg/ml), followed by additional 5 mg/kg doses every 60 min, until SE began, defined by 5 min of continuous generalized electrographic seizure activity (all four cortical electrodes involved; no breaks longer than 10 s). Following this protocol, rats received between 12.5 and 32.5 mg/kg KA. SE was allowed to continue without intervention for 180 min, and then 25-30 mg/kg of diazepam was injected i.p. for termination of SE. Fluid was substituted with 6 ml lactated Ringer's solution injected s.c. after resolution of continuous convulsive seizures, usually less than 10 min after the diazepam injection. The sham control rats also received diazepam injections. For three days after SE, rats were offered fruits and soft chow. Additional lactated Ringer's solution was administered by s.c. injection if dehydration was apparent. The wooden bedding was changed to iso-PADs TM (Harlan Teklad, Madison, WI, USA) to avoid aspiration in case of frequent seizures.
EEG recordings and analysis
Recordings were performed in freely moving rats using a commercially available Stellate ® (Montreal, Quebec, Canada) EEG monitoring system modified for the use in rodents (Respitech Medical Inc., Lancaster, PA, USA; sampling rate, 200 Hz). EEG recordings were visually analyzed offline with filter settings set to 0.3 Hz low frequency filter, 60 Hz notch filter, and 70 Hz high frequency filter, using the Harmonie Viewer 6.1c from Stellate ® . An electrographic seizure was defined as a period of EEG changes marked by an abrupt starting and ending, that included a minimum of 10 s of consistent, repetitive discharges at least double the amplitude of the background activity and not less than 1 Hz frequency. A single graphoelement was classified as sharp wave when it was clearly distinguishable from movement artifacts, had twice the amplitude of the background EEG, and was less than 200 ms in duration. Animals were recorded starting in the early morning, throughout SE, and continuing for at least 2 h after the diazepam injection (7 to 9 h total recording time per animal). The EEG seizure activity had stopped at the end of the recording period in 20 of the 25 KA-treated rats, with four mortalities. Post-SE EEG monitoring for detection of spontaneous sharp waves and electrographic seizure activity was performed either for 24 h, 6 to 9 days after status epileptics (nϭ16 rats) or on days 6 and 7 for 8 h per day (nϭ5 rats). The non-occurrence or occurrence of spontaneous sharp waves, spikes and seizures was noted during each recording period.
Fixation and tissue processing
Five rats from the KA-SE group and five sham control rats were used for histological studies of the BLA. Six to 9 days after SE, rats were EEG monitored for 24 h. On the day after monitoring, the animals were deeply anesthetized using ketamine (60 mg/kg i.p.) and medetomidine (0.5 mg/kg i.p.) and transcardially perfused with PBS (100 ml) followed by 4% paraformaldehyde (250 ml). The brains were removed and post-fixed overnight at 4°C, then transferred to a solution of 30% sucrose in PBS for 72 h, and frozen with dry ice before storage at Ϫ80°C until sectioning. A 1-in-6 series of sections containing the rostrocaudal extent of the BLA was cut at 40 m on a sliding microtome. One series of sections was mounted on slides (Superfrost Plus; Daigger, Vernon Hills, IL, USA) in PBS for Nissl staining with Cresyl Violet. An adjacent series of sections was also mounted on slides for FluoroJade C (FJ-C) staining. The remaining series of sections were placed in a cryoprotectant solution (30% ethylene glycol and 30% glycerol in 0.05 M sodium phosphate buffer) and stored at Ϫ20°C until processing for immunohistochemistry.
GAD67 immunohistochemistry
To label GAD67-immunoreactive neurons, a l-in-6 series of freefloating sections was collected from the cryoprotectant solution, washed three times for 5 min each in 0.1 M PBS, then incubated in a blocking solution containing 10% normal goat serum (NGS; Chemicon, Billerica, MA, USA), and 0.5% Triton X-100 in PBS for 1 h at room temperature. The sections were then incubated with mouse anti-GAD67 serum (1:1000, MAB5406; Chemicon), 5% NGS, 0.3% Triton X-100, and 1% bovine serum albumin, overnight at 4°C. After rinsing three times in 0.1% Triton X-100 in PBS, the sections were incubated with Cy3-conjugated goat anti-mouse antibody (1:1000; Jackson ImmoResearch) and 0.0001% DAPI (Sigma, St. Louis, MO, USA) in PBS for 1 h at room temperature. After a final rinse in PBS, sections were mounted on slides, air dried for 30 min, then coverslipped with ProLong Gold antifade reagent (Invitrogen).
FJ-C staining
FJ-C (Histo-Chem, Jefferson, AK, USA) was used to identify irreversibly dying neurons in the BLA, on days 7-10 after SE. Mounted sections were air-dried overnight, then immersed in a solution of 1% sodium hydroxide in 80% ethanol for 5 min. The slides were then rinsed for 2 min in 70% ethanol, 2 min in dH 2 O, and incubated in 0.06% potassium permanganate solution for 10 min. After a 2 min rinse in dH 2 O, the slides were transferred a 0.0001% solution of FJ-C dissolved in 0.1% acetic acid for 10 min. Following three 1-min rinses in dH 2 O, the slides were dried on a slide warmer, cleared in xylene for at least 1 min and coverslipped with DPX (Sigma).
Stereological quantification
Design-based stereology was used to quantify the total number of neurons on Nissl-stained sections and total number of inhibitory neurons on GAD67-stained sections in the BLA of KA-SE and sham control rats. Sections were viewed with a Zeiss Axioplan 2ie (Oberkochen, Germany) fluorescent microscope with a motorized stage, interfaced with a computer running StereoInvestigator 7.5 (MicroBrightField, Williston, VT, USA). The BLA was identified on slide-mounted sections and delineated under a 2.5ϫ objective, based on the atlas of Paxinos and Watson (1998) . Estimated totals were determined using the optical fractionator probe, and all sampling was done under a 63ϫ oil immersion objective.
For Nissl-stained neurons in the BLA of both KA-SE and sham control rats, a 1-in-6 series of sections was analyzed (on average, six sections). The counting frame was 35ϫ35 m, the counting grid was 190ϫ190 m, and the disector height was 12 m. Nuclei were counted when the top of the nucleus came into focus within the disector which was placed 2 m below the section surface. Section thickness was measured at every counting site, and the average mounted section thickness was 19 m. An average of 288 Nissl-stained neurons per rat was counted.
For GAD67-stained neurons in BLA, of both KA-SE and sham control rats, a 1-in-6 series of sections was analyzed (on average, six sections), the counting frame was 60ϫ60 m. The counting grid was 100ϫ100 m for KA-SE rats and 110ϫ110 m for sham control rats. The disector height was 12 m (nϭ1), 16 m (nϭ5), or 20 m (nϭ4), depending on extent of antibody penetration in the tissue. Cells were counted if they came into focus within the disector, which was placed 2 m below the section surface. Section thickness was measured at every fifth counting site, and the average mounted section thickness was 40 m. An average of 207 GAD67-stained neurons per rat was counted. The coefficient of error (CE) for the estimated total of Nissl-stained and GAD67-stained neurons in the BLA was calculated using both the Gunderson (mϭ1; Gundersen et al., 1999) and Schmitz-Hof (2nd estimation; Schmitz and Hof, 2000) equations.
Quantification of FJ-C-stained neurons
Tracings of the BLA from an adjacent series of Nissl-stained sections were superimposed on the sections stained with FJ-C. FJ-C positive cells were counted at 20ϫ, and recorded as number of cells per section from, on average, six sections containing the BLA of sham control rats and KA-SE rats.
Western blotting
Six rats from the KA-SE group and three sham controls were used for measuring the levels of the GluK1 subunit, the GABA synthesizing enzyme GAD65/67, and the ␣1 subunit of the GABA A receptor, in the BLA. The CA3 subfield of the hippocampus and the ventral posteromedial and ventral posterolateral (VPM/VPL) thalamic nuclei were also included in the Western blot analysis, for comparison. Six to 9 days after SE, rats were video-EEG monitored for 24 h. On the day after monitoring, rats were anesthetized with CO 2 and then decapitated. Discrete brain regions were microdissected from individual 800 m-thick brain sections cut with a Vibratome (Technical Products International, St. Louis, MO, USA). The tissues were sonicated in lysis buffer (1% NP-40, 20 mM Tris, pH 8.0, 137 nM NaCl, 10% glycerol, Tyr &Ser/Thr Phosphatase Inhibitor Cocktails; Upstate, Temecula, CA, USA). After removal of cellular debris by centrifugation, protein levels in the lysates were measured by the Bradford Coomassie Blue colorimetric assay (Bio-Rad Laboratories, Hercules, CA, USA) and equalized accordingly. Aliquots (60 g) were boiled for 5 min in the presence of loading buffer (NuPAGE LDS Sample Buffer (4ϫ), Invitrogen, Carlsbad, CA, USA), then placed on ice for 1 min. Each brain region was loaded in triplicate and proteins were separated on a 7.5% SDS-PAGE under reducing conditions using the BioRad Mini-Protean 3 cell system. Proteins were transferred to nitrocellulose membranes (0.45 m; Invitrogen). After blocking with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) at room temperature for 1 h, blots were incubated overnight at 4°C with specific primary antibodies: anti-GluK1, 1:500 (Tocris Bioscience, Ellisville, MO, USA), anti-GAD65/67 (1:10,000; Chemicon), and anti-GABA A ␣1 (1:200, Chemicon), prepared in 5% bovine serum albumin (BSA) in TBS-T. After washing in TBS-T, membranes were incubated with peroxidase-conjugated goat anti-rabbit (1:10,000; Jackson ImmunoResearch, West Grove, PA, USA) prepared in 5% BSA in TBS-T for 2 h, at room temperature. Anti-␤-actin (1:500; Cell Signaling Technology, Danvers, MA, USA) was used as a loading control in all experiments. After washing in TBS-T, blots were developed using enhanced chemiluminescence detection according to the manufacturer's recommendation (Pierce, Rockford, IL, USA) and exposed to BioMax MR Film (Kodak Biomax, Rochester, NY, USA) under non-saturating conditions. The blots were stripped with Restore Western Blot Stripping Buffer (Pierce) and then incubated with subsequent antibodies (see above). Absorbance values of bands for GluK1, GAD65/67, and GABA A ␣1 were analyzed by densitometry using Image J analysis systems (NIH, Bethesda, MD, USA), and normalized relative to the ␤-actin absorbance value.
Amygdala slice electrophysiology
Coronal slices containing the amygdala were prepared from rats, on days 7-10 after SE. The rats were anesthetized with CO 2 and then decapitated. The brain was rapidly removed and placed in ice cold artificial cerebrospinal fluid (ACSF) composed of (in mM): 125 NaCl, 2.5 KCl, 2.0 CaCl 2 , 2.0 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 , and 22 glucose, bubbled with 95% O 2 and 5% CO 2 to maintain a pH of 7.4. A block containing the amygdala region was prepared, and 400 m slices were cut with a Vibratome (Series 1000; Technical Products International). Slices were kept in a holding chamber containing oxygenated ACSF at room temperature, and recordings were initiated Ն1 h after slice preparation. Slices were transferred to a submersion-type recording chamber, where they were continuously perfused with oxygenated ACSF, at a rate of 3-4 ml/min. Neurons were visualized with an upright microscope (Nikon Eclipse E600fn; Nikon, Tokyo, Japan) using Nomarski-type differential interference optics through a 60ϫ water immersion objective. All experiments were performed at room temperature (28°C). Tight-seal (Ͼ1 G⍀) whole-cell recordings were obtained from the cell body of pyramidal-shaped neurons in the BLA region. Patch electrodes were fabricated from borosilicate glass and had a resistance of 1.5-5.0 M⍀ when filled with a solution containing (in mM): 135 Cs-gluconate, 10 MgCl 2 , 0.1 CaCl 2 , 1 EGTA, 10 Hepes, 2 Na-ATP, 0.2 Na 3 GTP, pH 7.3 (285-290 mOsm). Neurons were voltage-clamped using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA). Inhibitory postsynaptic currents (IPSCs) were pharmacologically isolated and recorded at a Ϫ70 mV holding potential. Access resistance (5-24 M⍀) was regularly monitored during recordings, and cells were rejected if it changed by Ͼ15% during the experiment. The signals were filtered at 2 kHz, digitized (Digidata 1322A; Axon Instruments), and stored on a computer using pClamp9 software (Axon Instruments). The peak amplitude, 10 -90% rise time, and decay time constant of IPSCs were analyzed off-line using pClamp9 software and the Mini Analysis Program (Synaptosoft, Inc., Leonia, NJ, USA). Miniature inhibitory postsynaptic currents (mIPSCs) were analyzed off-line using the Mini Analysis Program and detected by manually setting the mIPSC threshold (ϳ1.5 times the baseline noise amplitude) after visual inspection.
Drugs
The following drugs were used: KA (Tocris Cookson, Ballwin, MO, USA), diazepam (Hospira Inc., IL, USA), D-APV (Tocris; an NMDA receptor antagonist), (ϩ)-(2S)-5,5-dimethyl-2-morpholineacetic acid (SCH50911; Tocris; a GABA B receptor antagonist), ATPA (Sigma; a GluK1R agonist; see Clarke et al., 1997) , GYKI 52466 (Tocris; an AMPA receptor antagonist), and tetrodotoxin (TTX; Sigma; a sodium channel blocker).
Statistical analysis
All statistical values are presented as meanϮSEM. Results from sham control and KA-SE groups were compared using the unpaired Student's t-test; PϽ0.05 was considered statistically significant. Sample sizes (n) refer to the number of rats, except for the electrophysiology results where "n" refers to the number of slices or recorded cells.
RESULTS

SE
SE by EEG and behavioral criteria occurred in 24 out of 25 rats treated with KA. One rat experienced only focal seizures with unilateral forelimb clonus and was not studied. None of the saline-treated sham control rats displayed EEG or behavioral seizures during the observation period (nϭ21). Diazepam (25-30 mg/kg) was administered 180 min after the beginning of SE in the KA-treated rats to terminate the behavioral and EEG seizure activity. The mean cumulative duration of EEG seizure activity in the KA-treated rats was 257.1Ϯ13.9 min (nϭ23). One rat died during SE, and three rats died after diazepam treatment.
EEG indicators of epileptogenesis
In the post-SE model as conducted according to the protocol we used, a high proportion of animals eventually develop spontaneous motor seizures (Hellier et al., 1998) . To confirm that epileptogenesis was in progress in the KA-SE rats we recorded EEG activity during the latent period before the development of overt behavioral seizures. Six to 9 days after SE, EEG monitoring of the KA-SE rats indicated the presence of spontaneous sharp waves and/or spike wave complexes (nϭ20 rats; Fig. 1a, b) , whereas spontaneous EEG seizures and/or episodes of periodic generalized epileptic discharges also occurred in 55% of the rats (nϭ11; Fig. 1c, d ).
Neuronal loss and degeneration
Previous studies have shown that 2 weeks after prolonged SE (Ͼ3 h) there is extensive loss of GABAergic interneurons in the amygdala (Tunnanen et al., 1996) . To determine the extent of neuronal loss in our study, 7 to 10 days after SE which was terminated at 3 h, we counted the total number of neurons and total number of GABAergic neurons in the BLA of the sham control and the KA-SE groups. The total number of neurons in the BLA of sham control rats (nϭ5), estimated by stereologically counting Nisslstained neurons, was 85,877Ϯ2913 (Table 1, Fig. 2 ). In the KA-SE rats (nϭ5), the total number of neurons was 72,904Ϯ1261, a 15% reduction compared to sham control rats (PϽ0.004). The total number of GABAergic neurons in the BLA was estimated by counting GAD67-immunoreactive cells. GAD67 is the higher molecular weight (67 kDa) isoform of GAD, the enzyme that synthesizes GABA (Erlander and Tobin, 1991) , and is predominantly localized in cell bodies of GABAergic neurons (Esclapez et al., 1994; Soghomonian and Martin, 1998) . The total number of GABAergic neurons in the BLA of sham control rats was 11,685Ϯ864 (Table 1, Fig. 2 ). In KA-SE rats, the total number of GABAergic neurons was 6718Ϯ537, a 43% reduction compared to controls (PϽ0.002). Thus, in the BLA of sham control rats, GABAergic interneurons represent 13.7Ϯ1.4% of the total population of neurons, but after KA-SE this is significantly reduced to 9.2Ϯ0.7% ( Fig. 6 ; PϽ0.02), indicating that GABAergic neurons in the BLA are more vulnerable to KA-SE-induced injury than principal cells.
FJ-C was used to determine the extent to which neurons are still degenerating in the BLA, 7-10 days after KA-SE. Whereas no FJ-C positive staining was found in the BLA of sham control rats (nϭ5), all KA-SE rats (nϭ5) demonstrated positive staining in the BLA (5.7Ϯ2.1 FJ-C positive cells/section; Fig. 2; PϽ0.03 ). In addition, positive staining was found, to a greater extent, in other amygdala Means are values from the BLA of both hemispheres. Abbreviations: n, number or rats per group; SEM, standard error of the mean; CE as calculated by Gundersen et al. (1999) and Schmitz and Hof (2000) . nuclei, including the medial, lateral, posterior cortical, and central amygdala nuclei, as well as in other brain regions, such as the hilus, CA1, and CA3 subfields of the hippocampus, the piriform cortex, and the endopiriform nucleus, in all KA-SE rats, but not in the control sham rats. These results demonstrate that neurodegeneration was still occurring in the BLA and other brain areas on days 7 to 10 after KA-induced SE.
Alterations in the levels of GAD and the GABA A ␣1 subunit
When a brain insult damages GABAergic interneurons, a number of mechanisms often come into play which, presumably, attempt to compensate for the inhibitory loss. Such mechanisms may include an increase in GAD (Baran et al., 2004) , and/or an increase in the expression of subunits that form the GABA A receptor complex (Gilby et al., 2005) . In the present study, we compared the levels of GAD and the ␣1 subunit of the GABA A receptor in the KA-SE rats with those in the sham control rats. To probe the Western blot for the quantification of GAD we used an antibody that recognizes both the 65 kDa and the 67 kDa isoforms, which are predominantly localized in the nerve terminals and somata of GABAergic neurons, respectively (Esclapez et al., 1994; Soghomian and Martin, 1998) . GAD65/67 protein levels were elevated in the BLA of the KA-SE rats (nϭ6) to 127.1%Ϯ7.8% of the sham rats ( Fig.  3; PϽ0.04 ). In contrast, in the CA3 subfield of the hippocampus, there was a reduction to 75.8Ϯ3.4% of the sham group ( Fig. 3; PϽ0.01) , while no significant changes in GAD65/67 protein levels were observed in the VPM/VPL thalamic nuclei. Thus, GAD65/67 is upregulated in the surviving GABAergic interneurons in the BLA, 7 to 10 days after KA-SE. Quantification of the GABA A ␣1 protein levels by Western blot analysis showed a significant increase in the BLA of the KA-SE rats to 257Ϯ19% of the level in the sham control group (PϽ0.003; Fig. 3 ). GABA A ␣1 levels were also increased in the CA3 subfield of the hippocampus (195Ϯ13% of shams; PϽ0.003; Fig. 3 ), as well as in the VPM/VPL thalamic nuclei (157Ϯ12% of shams; PϽ0.04; Fig. 3 ) of the KA-SE rats. Thus, the GABA A ␣1 subunit is up-regulated in the surviving GABAergic interneurons in the BLA, 7 to 10 days after KA-SE.
Alterations in the level of the GluK1 subunit
GluK1Rs are significantly involved in epilepsy (Smolders et al., 2002; Rogawski et al., 2003; Kaminski et al., 2004) , and their expression or function is altered in TLE patients and epileptic rats (Mathern et al., 1998; Kortenbruck et al., 2001; Palma et al., 2002; Ullal et al., 2005) . In the BLA, these receptors are present on both postsynaptic and presynaptic sites of GABAergic interneurons (Braga et al., 2003) , and they appear to play an important role in the regulation of neuronal excitability Braga et al., 2003 Braga et al., , 2004 Aroniadou-Anderjaska et al., 2007) . In the present study, to determine if along with the loss of GABAergic interneurons the level of the GluK1 subunit was also reduced, or if compensatory mechanisms increased the expression of this subunit, we used Western blot analysis to compare the level of the GluK1 protein in the BLA of KA-SE and sham control rats. We found that the GluK1 subunit in the BLA of KA-SE rats was reduced to 73.0Ϯ4.6% of the level in the sham rats (PϽ0.006; Fig. 3 ). For comparison, we also examined the GluK1 levels in two other brain regions. In the CA3 hippocampal area, GluK1 levels were reduced in KA-SE rats but the change was not statistically significant, whereas in the VPM/VPL thalamic nuclei there was a significant elevation in the GluK1 protein (228.0Ϯ24.4% of the sham group; PϽ0.02; Fig. 3 ). Thus, in the BLA, the level of the GluK1 subunit is significantly reduced, on days 7 to 10 after SE.
Alterations in GABA A receptor-mediated IPSCs
To determine the impact of the pathological changes described above on the excitability of the BLA circuitry we recorded action potential-dependent, spontaneous inhibitory postsynaptic currents (sIPSCs) and mIPSCs from the somata of BLA pyramidal-shaped neurons of KA-SE rats and sham control rats. sIPSCs were recorded at a holding potential of Ϫ70 mV, and in the presence of D-APV (50 M), GYKI 52466 (50 M), and SCH50911 (20 M) to block NMDA, AMPA, and GABA B receptors, respectively. The mean frequency of sIPSCs was 1.9Ϯ0.7 Hz (nϭ23) in sham control rats, and 1.1Ϯ0.4 Hz in KA-SE rats, 42.1Ϯ5.1% lower than in the sham group (nϭ21; PϽ0.01; Fig. 4 ). The mean amplitude of sIPSCs in KA-SE rats was also reduced to 71.0%Ϯ4.8% of the control value (nϭ21; PϽ0.01; Fig. 4 ). There were no significant differences between KA-SE rats and sham control rats in the rise time and the decay time constant of the sIPSCs. These results suggest a reduced inhibitory tone of BLA pyramidal cells, on days 7 to 10 after KA-SE.
To determine whether the reduction of sIPSCs was associated with a decreased responsiveness of postsynaptic GABA A receptors we recorded action potential-independent, mIPSCs from the soma of BLA pyramidal-shaped neurons of KA-SE rats and sham control rats. mIPSCs were recorded at a holding potential of -70 mV, and in the presence of D-APV (50 M), SCH50911 (20 M), GYKI 52466 (50 M), and TTX (1 M). The mean frequency of mIPSCs was 1.2Ϯ0.4 Hz (nϭ14) in sham control rats and 0.5Ϯ0.2 Hz in KA-SE rats (56.7Ϯ3.9% lower than the sham control group; nϭ15, PϽ0.05; Fig. 5 ). There was no significant difference in mIPSC amplitude, between sham control and KA-SE rats (Fig. 5) . Thus, the reduced frequency and amplitude of sIPSCs (Fig. 4) did not involve a decreased responsiveness of postsynaptic GABA A receptors.
Alterations in the GluK1R-mediated modulation of GABAergic transmission
The effect of GluK1R activation on inhibitory transmission in the BLA depends on the intensity of activation of these receptors (the concentration of the endogenous agonist glutamate). Activation of postsynaptic (somatodendritic) GluK1Rs enhances GABA release via depolarization of interneurons (Braga et al., 2003) . However, presynaptic GluK1Rs on GABAergic terminals increase the probability of GABA release when activated weakly or by ambient concentrations of extracellular glutamate, but have the opposite effect (inhibiting GABA release) when the agonist concentration increases (Braga et al., 2003) . It seems, therefore, that the activity of these receptors reduces neuronal excitability in the BLA at the "resting state," while it promotes/exacerbates hyperexcitability when the concentrations of glutamate rise (Braga et al., 2003; AroniadouAnderjaska et al., 2007) . To determine the functional impact of the reduced level of the GluK1 protein in the KA-SE rats, we compared the effects of the GluK1R agonist ATPA on sIPSCs and mIPSCs in the KA-SE group and the sham control group.
Bath application of ATPA, at 300 nM, produced a 149Ϯ31% increase in the frequency of sIPSCs recorded from BLA pyramidal cells (nϭ11) of sham control rats, while 1 M ATPA further increased the sIPSC frequency to 419Ϯ42% from baseline (nϭ11; Fig. 6 ). In the KA-SE rats, 300 nM ATPA produced only a 48Ϯ22% increase in sIPSC frequency from baseline (nϭ10), and 1 M ATPA increased sIPSC frequency to 218Ϯ19% from baseline (nϭ10; Fig. 6 ). Thus, the enhancement in the frequency of sIPSCs in the BLA, produced by activation of GluK1Rs was significantly lower in KA-SE rats compared to sham control rats, at agonist concentrations of either 300 nM (PϽ0.01) or 1 M (PϽ0.01). As these effects of ATPA were probably produced by a depolarizing action on postsynaptic GluK1Rs of GABAergic interneurons, these results suggest that either the function of these receptors is impaired in the KA-SE rats, or that the surviving GABAergic interneurons in the KA-SE group have a lower number of these receptors, which could be due to reduced expression of the GluK1 subunit, or other mechanisms of downregulation.
When mIPSCs were recorded from BLA pyramidal cells, in the presence of TTX, 300 nM ATPA produced a 42.8Ϯ7.2% facilitation in the mIPSC frequency (nϭ9) in sham control rats, with no change in the amplitude or decay time constant of the mIPSCs. In contrast, in the KA-SE rats, 300 nM ATPA failed to produce a significant effect on mIPSCs (nϭ9; Fig. 7) . Application of 1 M ATPA produced a 31.6Ϯ5.9% reduction in the mIPSC frequency (nϭ9) in sham control rats, with no change in the amplitude or decay time constant of the mIPSCs, but had no significant effect on mIPSCs recorded from the KA-SE rats (nϭ9; Fig.  7 ). These results suggest that presynaptic GluK1Rs on GABAergic terminals in the KA-SE group are either functionally impaired, or that the surviving GABAergic interneurons in the KA-SE group have a lower number of these receptors, which could be due to reduced expression of the GluK1 subunit, or other mechanisms of downregulation. 
DISCUSSION
The present study shows that in the BLA, the amygdala nucleus which plays a central role in the generation and spread of seizures, there is already a dramatic decrease in tonic inhibitory activity, 7 to 10 days after the initiation of epileptogenesis triggered by SE. The reduction of tonic inhibition is primarily due to the loss of GABAergic interneurons. A reduction and/or impaired function of GluK1Rs is also likely to contribute to the reduction of tonic GABA release. The increase in the level of GAD and the GABA A ␣1 subunit suggests an increased expression of these proteins in the surviving interneurons, but these alterations are not sufficient to compensate for the interneuronal loss. These findings are summarized in Table 2 .
Loss of GABAergic interneurons
In agreement with prior studies (Tuunanen et al., 1996 (Tuunanen et al., , 1999 , we observed a substantial reduction in the number of neurons in the BLA after KA-induced SE. However, the magnitude of the reduction was less than in these previous studies most likely because the duration of SE in our experiments was shorter. It is well recognized that the severity of neuronal damage in SE models is dependent on the duration of seizure activity (Lemos and Cavalheiro, 1995; Gorter et al., 2003) . In the present study, we used diazepam to terminate seizures within 3 h after onset, whereas Tuunanen et al. (1996) recorded seizure activity lasting on average 13 h. In addition, in Tuunanen et al. (1996) , neuronal loss was examined 2 weeks after SE. Since neurons continue degenerating on days 7 to 10 after SE (Fig. 2a, d) , the time-point after SE that neuronal loss is examined must also play a role in the severity of the observed loss. It is noteworthy that loss of neurons in the BLA, as observed in animal models (Tuunanen et al., 1996 (Tuunanen et al., , 1999 Pitkänen et al., 1998; Covolan and Mello, 2000; present study) , is also a common pathological feature in human TLE (Cendes et al., 1993; Hudson et al., 1993; Wolf et al., 1997; Pitkänen et al., 1998; Guerreiro et al., 1999) .
The damage of GABAergic neurons in the present study was significantly greater than that of principal neurons, suggesting a higher vulnerability of GABAergic neurons to SE-induced injury. It has been speculated that certain interneuron populations are vulnerable to seizureinduced damage because of a low capacity to buffer calcium (Scharfman and Schwartzkroin, 1989; Sloviter, 1989) . Calcium binding proteins (CBPs) play an important role in calcium buffering (Blaustein, 1988) , however no clear relationship has been established between CBPs and vul- Fig. 7 . The GluK1R-mediated effects on presynaptic GABA release in the BLA are nearly absent after KA-SE. In the sham control group, the GluK1R agonist ATPA, at 300 nM, increased the frequency of mIPSCs recorded from BLA pyramidal neurons (a 1 ); this effect was almost absent in the KA-SE rats (b 1 ). At 1 M, ATPA reduced the frequency of mIPSCs in the sham group (a 1 ), but, again, had virtually no effect in the KA-SE group (b 1 ). Cumulative probability plots of interevent intervals and amplitudes of mIPSCs corresponding to the traces in a 1 and b 1 are shown in a 2 and b 2 , respectively. (c) Pooled mIPSC frequency-data of nine slices from KA-SE rats and nine slices from sham rats expressed as a percentage of the mIPSC frequency during control conditions (before application of ATPA); ** PϽ0.01. Fig. 6 . The GluK1R-mediated enhancement in the frequency of sIPSCs in the BLA is reduced after KA-SE. The GluK1R agonist ATPA, at 300 nM or 1 M, increased the frequency of sIPSCs recorded from BLA pyramidal neurons in the sham controls (a 1 ), but its effect was less pronounced in the KA-SE rats (b 2 ). Cumulative probability plots of interevent intervals and amplitudes of sIPSCs corresponding to the traces in a 1 and b 1 are shown in a 2 and b 2 , respectively. (c) Pooled sIPSC frequency-data of 10 slices from KA-SE rats and 11 slices from sham rats, expressed as a percentage of the sIPSC frequency during control conditions (before application of ATPA). The increase in sIPSC frequency by either concentration of ATPA was significantly lower in the KA-SE rats compared to the sham rats (** PϽ0.01).
nerability to damage by prolonged seizures (Freund et al., 1992) . A high susceptibility of somatostatin-containing interneurons to SE-induced damage has been reported in the hippocampus (Sloviter, 1987; Buckmaster and Dudek, 1997; Sun et al.; , and has been associated with the high level of a tyrosine phosphatase present in these neurons, which blocks a latent neuroprotective response initiated by the ERK/MAPK signaling pathway (Choi et al., 2007) . A similar mechanism may also be involved in the high vulnerability of somatostatin-containing interneurons in the BLA (Tuunanen et al., 1996 (Tuunanen et al., , 1997 , the majority of which are GABAergic inhibitory neurons (McDonald and Pearson, 1989; Muller et al., 2007) . The proportion of somatostatin-containing neuron loss was not determined in the present study. However, since only 11-18% of BLA GABAergic neurons contain somatostatin (McDonald and Pearson, 1989) , it is likely that other types of GABA neurons were also lost.
Compensatory mechanisms
In the present study, despite the 43% decrease in the number of GABAergic neurons in the BLA of the KA-SE rats, the level of GAD was significantly increased, suggesting an increased expression of the enzyme in the remaining interneurons. Others, however, have found a decrease in the activity of GAD, 9 days after KA-induced SE (Sperk et al., 1983) . This difference may imply that when GAD expression is increased in the BLA, the same enzyme is downregulated in the other nuclei of the amygdala, resulting in an overall decreased activity when the whole amygdala is examined. Alternatively, differences between the two studies in the extent of the interneuronal loss could account for differences in the level and/or the activity of GAD.
The level of the ␣1 subunit of the GABA A receptor was also increased in the BLA of the KA-SE rats, despite the loss of both principal neurons and interneurons, suggesting an increased expression of this subunit by the surviving cells. Previous studies have reported SE-induced alterations in the expression of different GABA A receptor subunits or GABA A receptor binding in different brain regions Tsunashima et al., 1997; Gilby et al., 2005; Rocha et al., 2007; Brooks-Kayal et al., 1998; Fritschy et al., 1999; Houser and Esclapez, 2003; Raol et al., 2006) , including increases in the GABA A ␣1 subunit in the amygdala (Gilby et al., 2005) . This subunit is important for the sedative and anticonvulsant actions of benzodiazepines (Rudolph et al., 1999; Crestani et al., 2000; Da Settimo et al., 2007) , and, therefore, alterations in this subunit could affect responsivity to certain pharmacological treatments, in epileptic patients. However, in the present study, the increase in the level of the GABA A ␣1 subunit in the BLA, did not appear to produce an increase in GABA A receptor number, or to alter the stoichiometry of the GABA A receptors in such a way as to increase the efficacy of inhibitory transmission, at least in the principal BLA neurons. This conclusion can be derived from the lack of a difference between sham and KA-SE rats in the amplitude of mIPSCs recorded from pyramidal-shaped neurons in the BLA (Fig.  5) . Thus, 7 to 10 days after the initiation of epileptogenesis by SE, the increase in the expression of the GABA A ␣1 subunit does not appear to affect inhibitory transmission. It is possible that the GABA A ␣1 subunit fails to assemble into the receptor complex, or undergo phosphorylation (Pumain and Laschet, 2006) .
Reduced inhibitory tone
In the hippocampus, reduced inhibitory activity is a hallmark of epileptogenesis and epilepsy (Rice et al., 1996; Hirsch et al., 1999; Cossart et al., 2001; Kobayashi and Buckmaster, 2003; Shao and Dudek, 2005; Sun et al., 2007) , but unaltered or enhanced inhibitory transmission has also been observed in certain hippocampal regions (Gibbs et al., 1997; Nusser et al., 1998; Cossart et al., 2001; Shao and Dudek, 2005) . Importantly, the changes that take place in different brain regions during epileptogenesis do not seem to follow a linear progression towards reduced inhibition and enhanced excitation, but, rather, they can be qualitatively different at different time points during the course of epileptogenesis (Covolan and Mello, 2000; Straessle et al., 2003; Sloviter et al., 2006; El-Hassar et al., 2007; Rocha et al., 2007) . For example, in the CA1 hippocampal area, inhibitory activity has been found to be enhanced or reduced at different stages of epileptogenesis (El-Hassar et al., 2007) . In the amygdala, GABAergic inhibitory transmission is impaired when epilepsy has developed (Gean et al., 1989; Smith and Dudek, 1997; Mangan et al., 2000; Benini and Avoli, 2006 ; for a review see Aroniadou-Anderjaska et al., 2008) , but it is unclear how inhibitory activity and the excitability of the amygdala change during the course of epileptogenesis. The present study shows that the inhibitory tone in the BLA network is already dramatically reduced 1 week to 10 days after triggering epileptogenesis by KA-SE.
The reduced frequency and amplitude of action potential-dependent sIPSCs in the BLA of the KA-SE rats were consistent with the loss of GABAergic interneurons. Alterations in postsynaptic GABA A receptors, which are often associated with epilepsy (McDonald et al., 1991; Henry et al., 1993; Rocha et al., 2007) , could produce a reduction in both the frequency and the amplitude of sIPSCs; however, the unaltered amplitude of mIPSCs in the KA-SE rats suggests that changes in the number or function of postsynaptic GABA A receptors were not a contributing factor. Other mechanisms related to the excitation of interneurons or presynaptic GABA release may also contribute to the reduction in tonic inhibition, and as we found in the present study one of these mechanisms involves the modulation of GABAergic transmission by GluK1Rs (see next section).
Reduced levels of the GluK1 subunit and impaired GluK1R-mediated modulation of GABA release
Unlike other ionotropic glutamate receptor subunits, the GluK1 subunit of kainate receptors has a relatively restricted distribution in the CNS, but is highly expressed in the BLA (Bettler et al., 1990; Li et al., 2001; Braga et al., 2003) , where it plays a prominent role in the modulation of GABA release (Braga et al., 2003 (Braga et al., , 2004 Aroniadou-Anderjaska et al., 2007) . Activation of postsynaptic GluK1Rs on somatodendritic sites of BLA interneurons enhances GABA release by depolarizing interneurons; presynaptic GluK1Rs on GABAergic terminals also facilitate GABA release when activated by low concentrations of an agonist, but inhibit GABA release when activated by higher agonist concentrations (Ն1 M ATPA; Braga et al., 2003) . GluK1Rs are also present on principal neurons where they have a depolarizing action . Thus, the net effect of GluK1R activation on the BLA network can be expected to be a reduction in excitability when agonist concentrations are low, while epileptiform activity is promoted with high agonist concentrations due to direct excitation of principal neurons and reduced GABA release from interneurons. Accordingly, GluK1R antagonists inhibit epileptiform and epileptic activity in the amygdala Apland et al., 2009 ). Due to the loss of principal neurons and primarily interneurons in the KA-SE group, the level of the GluK1 subunit in the BLA of the KA-SE rats was reduced. This finding alone, however, does not say whether or not there was a lower or an increased expression of the GluK1 subunit in the surviving interneurons. Expression of the GluK1 subunit could increase, but not sufficiently to overcome the overall loss in the protein due to neuronal loss. However, the electrophysiological experiments can exclude this possibility. When, in the KA-SE rats, (1) the frequency of sIPSCs recorded due to the spontaneous activity of the surviving interneurons is minimally enhanced by ATPA compared to the enhancement in the sham control group (Fig. 6) , and (2) ATPA in the KA-SE group has no significant effect on the frequency of mIPSCs, when in the sham group ATPA increases or decreases the frequency of mIPSCs depending on the concentration (Fig.  7) , the conclusion is that the GluK1Rs in the surviving interneurons are either functionally impaired or downregulated (reduced expression, internalization, or desensitization). Considering that GluK1Rs are activated by ambient concentrations of extracellular glutamate and facilitate GABA release (Braga et al., 2003) , the reduced level and expression or function of GluK1Rs in the KA-SE rats can certainly contribute to the diminished frequency and amplitude of sIPSCs (Fig. 4) and frequency of mIPSCs (Fig. 5) .
Functional implications
The present study has demonstrated that due to a high vulnerability of the BLA interneurons to seizure-induced damage, the inhibitory tone in the BLA is already significantly compromised on days 7 to 10 after SE, before epilepsy is fully expressed. Expression of GAD and the GABA A ␣1 subunit is increased, but these alterations do not compensate for the interneuronal loss and the reduced inhibitory activity. The reduced inhibitory tone in the BLA at this relatively early stage of epileptogenesis may facilitate episodes of hyperexcitability and the associated excitotoxicity, thus contributing to delayed neuropathology (Nairismagi et al., 2004) , and the ongoing neuronal degeneration that was observed in the present study. It is also reasonable to speculate that chronic loss/reduction of the inhibitory tone could alter the physiology of the surviving neurons, such as intrinsic membrane properties affecting excitability. Since GluK1Rs are activated by basal concentrations of extracellular glutamate facilitating GABA release (Braga et al., 2003) , the reduced level and function of GluK1Rs during epileptogenesis may imply impairment in one of the "safety mechanisms" that prevent hyperactivity in the network. These changes can enhance the propensity of the BLA to generate seizures, which can spread to other limbic structures via the extensive projections from the BLA (Amaral et al., 1992; Pitkänen, 2000) , facilitating the progression of epileptogenesis.
